IN 1960 Dodge and associates' demonstrated
in man that left ventricular volume could be determined with reasonable accuracy from biplane angiograms. This method, however, is laborious, and many hours are often required to analyze the changes in ventricular volume that occur during the cardiac cycle. In the past decade several improvements in the method have decreased the effort required to analyze the angiographic data without signi-ficantly decreasing the accuracy of the method. The three principal improvements have been the use of computers in the required arithmetical calculations,2 the use of specialized planimetric devices,3 and the demonstration that only a single-plane left ventricular angiogram is required. 4 6 Even if all of the latest advances were utilized however, the determination of ventricular volume at frequent intervals during the cardiac cycle remains a formidable task and requires considerable effort on the part of a skilled individual. The purpose of this paper is to describe a method for determining left ventricular volume that requires so little effort that volume can be determined in patients undergoing left ventriculography. Photograph of the video-tracking system. (1) 16-mm flickerless projector cotupled to a televi.sion camera; (2) key camera; (3) control units for the planimeters; (4) video insert keyer; (5) video mixer; (6) television monitors; (7) recording system. Forq further details see text and figure 2. is performed with the patient placed in the right anterior oblique position (15' to 400) so tate accurate identification of any segment of the cine film. Also, the exact time of film advance can be recorded from a S-volt pulse derived from the electronic circuit that controls advance of the film in the projector.
A mount was constructed to allow 3600 rotation of the television camera about the optical axis. This permits the long axis of the opacified left ventricle to be aligned horizontally on the television screen ( fig. 3 ). The television cameras and camera control units* are of solid-state *Philips "Norelco" MP camera system Model LDH-0151.
circuitry and modular construction and were selected because of excellent stability and functional control.
The Video Planimetering System
The left ventricular cineangiogram is viewed by the operator on a television monitor. The video planimeter is then activated. The area of the left ventricle determined by the video planimeter appears oIn the television monitor as a light-gray area superimposed on the opacified ventricle. The video planimeter has a variable threshold level that can be adjusted by the operator so that an accurate fit is obtained between the opacified area Five solid aluminum prolate spheroids with volumes of 20 cc, 40 cc, 80 cc, 160 cc, and 320 cc were constructed (tolerance = 0.005 in). Volumes were verified by Archimedes's principle. Cine films of the spheroids and the appropriate grids were analyzed with the video system just described. Figure 7 shows the volume data, the correlation coefficient, and the results of regression analysis. On the average, volumes measured by the video system are 8S less than the known volumes. ventricles with silastic and barium sulfate. Volumes were determined by Archimedes's principle. Cine films of each cast in the right anterior oblique position and of appropriatelv placed grids were analyzed with the video system. Figure 8 shows the volume data, the correlation coefficient, and the results of a regression analysis. The volumes measured by the video system on the average are 10% greater than the known volumes.
Study of Left Ventricular Cineangiograms
Left ventricular cineangiograms of fixve patients were analyzed by the video system. One or two cardiac cycles from each of the five cineangiograms were also analyzed by the traditional method of measuring the area (by planimetry) and the maximum length of the opacified left ventricle on each cine frame.
The lengths, areas, and volumes of identical cine frames determined by this method were then compared with those determined by the video system. Throughout the cardiac cycle, the areas, lengths and volumes measured by the video system agreed closely with those determined by the traditional method (figs. 9 and 10). Volumes measured by the video system tend to be slightly smaller than volumes determined by the traditional method.
Study of the Recording-Computer System
In txvo cineangiograms analyzed by the video system, the areas and lengths of the opacified left ventricle xvere recorded simultaneously on a magnetic tape recorder* and on an oscillographic recordert at a paper speed of 125 cm/sec. The paper recording was read by the traditional method, and the magnetic tape, by the computer system. Volumes were then calculated from data obtained by the txvo methods and plotted both against time and on an X-Y plot ( fig. 11) . The correlation coefficient and regression analysis indicate that computer analysis does not introduce anx significant error.
*Ampex FR 1300. ,tBrush Recorder.
Discussion
A drawback of the angiographic method for determining ventricular volume has been the labor involved in measuring the cardiac dimensions from the films and in calculating the volumes. The video system described herein significantly decreases the xxork of measuring ventricular volume and eliminates the need for a skilled indix idual to measure the area and length of the opacified ventricle on every cine frame. It does require a skilled individual to adjust the mask, threshold level, and density shading of the video system s0 that an accurate fit is obtained between the area and length of the opacified ventricle as determined by the video planimeters and the area and length actually x isualized by the operator.
The accuracy of the video system has beecn tested by several independent methods. Thc study of the prolate spheroid models demonstrates that the video system is accurate ox 7er a wvide range of volumes and that the magnification and distortion introduced by the X-ray equipment can be compensated for adequately by appropriately placed grids. The video system underestimates volumes by approximately 8%. The reason for this is that the densitometers in the system require a certain minimal signal-to-noise ratio before any given density can be separated from surrounding subthreshold densities. At the very edge of the image the signal-to-noise ratio is inadequate. Consequently, a position just inside the actual edge is recognized as the border by the video system; this leads to a systematic underestimation of volume.
The study of the ventricular casts demonstrates that the video system can determine the volume of not only a spheroid but also an irregularly shaped ventricle xwith a reasonable degree of accuracy. Even though the video system systematically underestimated the volumes of the aluminum prolate spheroids, it slightly overestimated the volumes of all ventricular casts. This apparent paradox has an explanation. The shape of the left ventricular cavity is not that of a prolate spheroid or any other regular geometric figure, and xhen Circulation, Volume XL17. nua r-97-D the formula for a prolate spheroid is used in the calculations, ventricular volume is overestimated considerably.' Since the underestimation of volume by the video system is small by comparison, the net result of the two errors is that the volumes of the ventricular casts are slightly overestimated.
Although the studies of prolate spheroids and ventricular casts demonstrate that the video system can calculate the volumes of these objects with reasonable accuracy, the margins of the opacified left ventricular cavity during angiography are less sharply defined. Because of this potential problem and because the image actually analyzed by the video system is slightly modified by the various shading technics, we compared the volumes calculated by the video system with those calculated from the same cine frames by the traditional method. In general, volumes calculated by the two methods agreed closely. As expected, the volumes calculated by the video system were slightly less than those obtained by the traditional method. This error is small and partially corrects for the overestimate of volume resulting from the geometric assumptions.
Two specific problems are of special concern when this method is used. One is estimating the position of the aortic valve. The video planimeter cannot delineate the valve border since the densities above and below the aortic valve are virtually identical following the injection of contrast medium into the left ventricle. One approach to this problem is to assume that the aortic valve is fixed and to set its position with the mask. In those cineangiograms in which movement of the valve border appears to be minimal, this assumption does not lead to significant errors in the estimation of volume. In those cineangiograms in which the valve border appears to move appreciably, however, the edge of the mask that defines the position of the aortic valve can be changed during the course of the analysis by the operator so that it approximates the actual position of the aortic valve. Even when the ventricular silhouette is traced by hand, the position of the aortic valve Circulation, Volume XLV, January 1972 occasionally can only be approximated because it is obscured by other opacified structures such as the descending aorta (anteroposterior projection) or the left atrium.
The second problem inherent in this method for determining ventricular volume is defining the border of the mitral valve when mitral regurgitation is present. When regurgitation is mild or moderate, the border of the mitral valve can be defined by the video planimeter since the density in the left atrium is less than that in the left ventricle. In the presence of gross mitral regurgitation, however, the border of the mitral valve cannot be delineated by the video planimeter. Under these circumstances, the analysis would have to be done much more slowly than 6 frames/sec so that the operator could alter this area of the mask on a frame-by-frame basis.
In summary, the video system described provides a method whereby changes in left ventricular volume can be analyzed from left ventricular cineangiograms in an automated fashion. The major advantage of the system is that the determinations of volume for an entire left ventricular cineangiogram can be made in 30 to 40 minutes. This system makes possible the routine determination of left ventricular volume changes throughout the cardiac cycle in patients who have left ventricular cineangiograms as part of their diagnostic cardiac catheterization.
